Pseudomonas aeruginosa infection of human cornea is rare but serious. The work of previous investigators using experimental infection primarily of rabbit cornea resulted in successful therapy for 10 to 50% of clinical cases. The advantage of using the mouse is demonstrated. The methods we adapted for characterizing the untreated experimental infection included: incising the cornea to enable establishing the infection; corneal examination with a steroscopic microscope; grading corneal pathology; qualitative and quantitative monitoring of the infecting bacteria by culturing and staining sectioned and dissected tissues. The characteristics of the tissue pathology, host response, and infection were similar to those reported for other animals and man. Corneal pathology was frequently nearly maximal 1 day after infection; host response involved a progression of events of long duration; pathology persisted well beyond the period of bacterial infection. The infection was essentially noncommunicable, and invasiveness was limited to the tissues of the incised eye. The results show the possibility of tests for invasiveness of clinical isolates and for screening for therapeutic and prophylactic measures.
Pseudomonas aeruginosa infections of the human cornea, although not common, usually result in the loss of vision of the infected eye. Such infections originate as a result of corneal wounds from improper use of contact lenses (7), puncture, and irritation by foreign objects. The rapid course of corneal destruction (12 to 48 hr) and the resistance of P. aeruginosa to antimicrobial therapy make the infection of extreme concern. P. aeruginosa infections of tissues other than the cornea are becoming of increasing importance in clinical medicine. The threat to life is greatest in immunologically weak patients. Because the cornea (having no direct blood supply) is an immunologically weak tissue, we believe that the results of research on the corneal infection may also apply to these life-threatening infections.
Other investigators have been concerned with P. aeruginosa infections of the cornea in human patients. Experimental infection, primarily of rabbit corneas, contributed basic information to the understanding of the pathology and developing therapeutic regimens successful in 10 to 50%0 of the cases. These studies demonstrated also that wounding precedes the initiation of infection. The current status was excellently reviewed by Hessburg (3) and Smith (5) . Although some progress has been made in treating and understanding the causes of corneal damage resulting from P. aeruginosa infection, there is still much to be done.
The basis of our study of P. aeruginosa infection of corneal wounds is the advantage of the mouse for investigating infection. In comparison to rabbits, mice require less space, are easier to handle and maintain, are less expensive, and histological preparations are easier to make and examine. Another reason for using the mouse is that many of the recent immunological techniques employ this animal. Thus, more animals may be used to give more information than obtained previously from larger animals and it will become practical to test many Pseudomonas strains for invasiveness, different In one experiment, the suspension was injected into the corneal stroma. Borosilicate glass tubing was drawn to the diameter of a 32-gauge needle and broken to form a jagged blunt tip. With a twisting-pushing motion of the needle, the cornea was penetrated. A stereoscopic microscope was used to observe that the tip was not in the anterior chamber. After injecting 0.01 ml, the needle was withdrawn and the cornea was observed for elevation of the surface, indicating that some of the suspension was retained (much less than 0.01 ml).
Culture of cornea. The mouse's head was placed on its side with the eye to be streaked facing upwards. The cheek and lateral temple were pressed to cause the eye to protrude. A sterile inoculating loop was gently drawn across the cornea. The loop contents were streaked on TYE agar and incubated for 48 hr at 37 C. Diverse types of other bacteria were detected in two-thirds of the mice; therefore, P. aeruginosa was differentiated by colony morphology, Gram Gross examination by stereoscopic microscope. The eye of the anesthetized mouse was caused to protrude and was examined at 30 power. A hemostat was attached to the lid margin to fold the lid back for examination of the conjunctiva.
Enucleation. For enucleation, the mice were sacrificed; as for corneal streak, the mouse was held to make the eye protrude. The tips of bent tip forceps were gently worked behind the globe so that the globe was cradled in the bend. The forceps were held together firmly, and a quick, vertical jerk removed the globe. A 1 liter] was added to 0.5 ml of a 2% solution of 2,3,5-triphenyl-2H tetrazolium chloride, made in sterile water, plus 5.0 ml of sterile 30% glycerol. Examination of this stain was most useful about 0.5 hr after preparation. By 2 hr, autolysis of the tissue was sufficient to make examination meaningless. Globe mince. The outside of the enucleated eye was rinsed with sterile water. The eye was placed on a sterile slide and minced with two blades drawn back and forth over each other in a scissorlike action. The tissue on the slide was washed into a sterile tube with 5 ml of filter-sterilized 0.1% Pancreatin. A magnetic stirring rod was inserted, and the tissue was homogenized by agitation with a magnetic stirrer in a 37 C incubator for 15 min. One milliliter of homogenate and dilutions were plated in TYE medium and incubated at 37 C for 48 hr.
RESULTS
Communicability and invasiveness of P. aeruginosa in the mouse cornea. The right eyes of 200 mice were incised and active infections were established with seven strains of P. aeruginosa. There were no visible signs of infection of the left eyes. One hundred forty-two of these same left eyes plus those of 22 controls (housed in the same cages as the infected mice) were streaked (culture of cornea) repeatedly and subjected to terminal globe mince. With the exception of two eyes showing two colonies at one observation period, Pseudomonas was never isolated. In two experiments, a total of 10 control mice were incised but not inoculated. They were also housed in the same cages with the infected mice and no Pseudomonas was demonstrated by either technique. These observations indicate that this corneal infection is essentially noncommunicable.
Although invasiveness was not the subject of intensive study, five mice infected with strain 31 were observed either to maintain their weight or to gain weight during a 5-day experiment. We never saw any of our experimental mice act sick. Only one mouse died of natural causes during all of our experiments, and postmortem culture of the organs revealed no Pseudomonas; but many other bacteria were present, among which a Proteus appeared to predominate. Invasiveness is limited to the infected eye.
In different infections, including the corneal infection of man and experimental animals, the pathogenicity of P. aeruginosa is generally VOL. 3, 1971 believed to be a function of the invasiveness of the specific strain. Our experiments indicated that corneal pathology at 1 day after infection (for example, see Table 2 ) was sufficiently advanced to be a useful measure of invasiveness. Pathology increased or decreased after the first day; consequently, the 1-day observation could not be the sole criterion for invasiveness. For this reason we summarized results of comparative experiments at 1 day and also included the direction of pathology change, increase or decrease in severity, indicated after 1 day. The summary showed that the absolute severity of pathology at day 1 for a specific strain varied from experiment to experiment, suggesting a need for greater standardization of, e.g., the culture method, number of organisms, or maintenance of invasiveness. For example, the median grades at day 1 for successive experiments with strain 31 were 7, 6, 8, and 7, and for stain 44 were 2, 7, 4, 5, and 4. Assuming that relative invasiveness is significant in spite of experimentto-experiment variations, we found that strains 31, 44, and 51 were consistently invasive: grade 2 or higher at 1 day and increasing or persisting after 1 day. Stain 40 was consistently noninvasive: grade 2 or lower at 1 day and decreasing. Stains 38 and 49 showed variable invasiveness. Although not a definitive study, the results illustrate that mouse corneal invasiveness, as indicated by persisting pathology, is a function of strain; however, as shown in subsequent sections, strain is not the only determinant.
Effect of the extent of wounding. Early in our experimentation, we were concerned that variation in extent of incision might cause variability of infection and resulting pathology. We compared the results of experiments by employing infection after our standard incision procedure, a 2-mm scratch, a needle puncture, and injection (with a glass microneedle) of the P. aeruginosa culture directly into the corneal stroma. The typical course of pathology followed the standard incision procedure and injection. Variable pathology followed the 2-mm scratch and the needle puncture. Providing the wound was adequate, the absolute extent or means of making the wound was not critical.
Progression of corneal pathology caused by invasive strains. A major objective was to document the pathology of the untreated infection so that the merits of subsequent preventive and therapeutic experimental regimens could be assessed.
The typical progression of pathology, observed visually after incision and inoculation with invasive strains, in nine experiments with a total of 217 mice is illustrated in Table 2 . The data, showing the effect of one strain in two experiments on 18 mice,! were selected as being repre- 2-10 2-9 4 2 sentative of the results obtained in experiments in which pathology was moderately severe. Considering that there is no functional vision at grade 4 and higher, a moderately severe grade represents a severe clinical situation. High grades (9 and 10) frequently appear as jumps from lower grades (for example, mice 5-7 and 8-2), and the jumps may occur after the progression has apparently stabilized (9-3 and 6-4). As described earlier in this report, it is also common for grades 7 and 8 to occur at day 1. Regression of high grades may be fast (6-4 and 8-1) or slow (5-7 and 8-2). Regression of lower grades is also variable (6-1, 5-1, and 1-5). The progression is unpredictable for individual mice and, as shown by the grade range, there is wide variation between replicates at most observation periods. The grade median shows that damage was evident at 4 hr and for most mice nearly maximal at 1 day, and that significant regression occurred for most mice by the end of the second week. The time limits are representative of all of our results with invasive strains.
With less invasive strains (data not shown), the grades were lower and a decrease to no pathology was often observed as early as the second day. Even with strains as invasive as strain 44; a regression to no pathology after the third week occurs but is not typical. In such regressions the cornea was clear with no scars, pupil response was normal, and lens was clear. Visual function was not determined. The regenerative processes of mouse cornea are appreciable.
Progression of ocular infection caused by in- Following is a typical description of an eye 2 days after infection. The iris and ciliary body were poorly defined but distinguishable. The cornea in the area of the incision (for infecting) was swollen to twice the normal thickness and infiltrated. The swelling did not extend more than one-fourth of the corneal diameter from the incision. The periphery of the anterior chamber was infiltrated. The cornea was opaque in the area of the incision. The choroid-retina and lens were normal.
Dissection was a simple and useful procedure, and we soon relied on it for quickly locating areas of maximal involvement. During dissection, the infection can sometimes cause the retina to become a pulpy mush, or merely wrinkled and separated from the sclera; however, changes in the retina were rarely seen. We also observed softening of the outer layers of the lens and, commonly, free-floating lenses and sloughing of the corneal epithelium. Anterior and posterior synechias were common as early as 4 hr after infection.
Observations on stained sections. Conventional sectioning and staining procedures were used to characterize the tissues and to attempt to locate the infecting bacteria. Although other investigators had not reported on the specific presence and distribution of the infecting Pseudomonas, we believe such information to be valuable in designing and evaluating experimental therapeutic and prophylactic regimens.
Sections were stained by H&E, PAS, orceinhematoxylin, and a Gram stain. Parts of the tissue were loosened from the slide by staining solutions containing more than 50% water. Substitution of gelatin or untreated slides for Tissue Tac-treated slides did not reduce this problem. With H&E and orcein-hematoxylin, the loosening was tolerable; however, with PAS and Gram stains, the orientation of tissues within the eye was usually severely disturbed. Of the four methods, H&E was the most uniformly least destructive.
H&E-stained infected eyes (1 to 3 days after infection) showed extensive thickening andinfiltration of the stroma and ciliary body, frequent ulceration of the corneal epithelium and stroma, all degrees of leukocytic infiltration of the anterior chamber, and, in some cases, separation of the choroid from the sclera. Lens dislocation (resulting from sectioning) was so common in noninfected eyes that no observations of sections for lens position or possible synechias were possible. Mounting the section in gelatin tinted with eosin demonstrated, by comparison, that even the best of H&E stains resulted in the loss of material from the vitreous and some of the infiltrate of infected anterior chambers. Nevertheless, we concluded that H&E stains of sections would be useful for determining infection effects at the level of the host cell.
No Pseudomonas was seen in sections of infected eyes stained with H&E, PAS, and Gram stains. Even when a dense bacterial suspension was placed on top of sections, no Pseudomonas was detectable after staining. Evidently the cells were washed away from the sections during staining. Washing away Pseudomonas in infected tissue is reasonable in consideration of subsequent observations that tissues infected with Pseudomonas were appreciably more tender or subject to more rapid autolysis, or both. Other investigators, when staining sectioned eyes, have embedded them in collodion or paraffin. None reported seeing or not seeing individual Pseudomonas cells. Our failure to see Pseudomonas cells may have been due to not embedding; however, it is likely to have been due to the combined effects of the infection on the tissues and the washing action of the staining process.
Staining for locating infecting P. aeruginosa in tissues. The dissected parts (retina, iris-ciliary body, and cornea-limbus) were mounted in crystal violet-eosin and observed at 1,250 x under bright-field and phase-contrast microscopy. Although the under sides of all tissues except for the iris were obscured by the overlying tissues, it was usually possible to see structures in the top half of the tissues. Many Pseudomonas-like objects were seen floating around tissue from infected eyes. For example, in one area of a ciliary body, about 1,000 of these objects were seen per field, and in parts of corneas there were discrete clusters of about 10 objects. (Subsequent observations of smaller numbers of similar objects in uninfected eyes caused us to realize that these objects might also be mitochondria from ruptured phagocytes and in phagocytes and tissue cells.) Markedly increased numbers of irregular cells (15 by 5 ,um), presumably phagocytes, were found primarily in the ciliary body corneal stroma and anterior chamber infiltrate of infected eyes.
In an attempt to distinguish Pseudomonas from the Pseudomonas-like bodies, sections were stained with tetrazolium. Whereas no other structures within the eye rapidly reduced the dye to the colored form, both Pseudomonas and the Pseudomonas-like bodies in an uninfected eye rapidly reduced the dye. An additional difficulty with the tetrazolium procedure was that the dye penetrated intact tissue surfaces very poorly.
Bacteriological plate counts for locating infecting P. aeruginosa in tissues. An attempt to determine, by plate count of ocular tissues, the intraocular distribution of Pseudomonas was frustrated by the inability of preventing mutual contamination of the tissues during dissection. Thorough washing of tissues from infected eyes was impractical because they autolyzed so fast, becoming too tender to handle.
Dissection of a frozen eye was considered as a means of preventing mutual contamination of tissues. Fifteen eyes infected for 1 to 5 days were frozen and dissected by a single cut along the plane of the junction of the sclera and limbus. For 10 eyes, there were no P. aeruginosa cells in the posterior section, and 30 to 50,000 (median was 4,500) in the anterior section. For the five having P. aeruginosa in the posterior section, the counts of the anterior sections of four were 60 to 3,000-fold higher. The As with rabbits but unlike the majority of the reported human corneal infections, the infection was generally self-limiting, and without treatment regression of pathology or healing began in the first week or two. Considering that human infections are usually complicated by conditions of immunological limitation or debilitation, this difference between humans and experimental animals does not depreciate the value of the animal infection; rather, the difference justifies extension of experimentation to animals treated to weaken their immune mechanisms (2) .
In untreated mice, the progression of repair resembled that reported for effectively treated human eyes, except that the mouse repair rate was much faster. This resemblance indicates that the experimental infection might be of value for testing therapeutic regimens for potential application to infection-damaged human eyes.
The study of the correlation of corneal pathology and infection demonstrated that, although pathology is a direct consequence of infection, it is not quantitatively related to the number of organisms present. The globe mince procedure was used to study the dynamics of the Pseudomonas population subsequent to infection. Although the bacterial count and duration of the infection was variable, near maximal counts were obtained, sometimes within 24 hr after infection. Apparently the host defenses were effective from the beginning in limiting the infection and also effective between the 4th and 12th day in eliminating Pseudomonas from the globe and conjunctiva. The corneal pathology persisted beyond the period of infection. Whereas no similar experiments have been reported previously, the results are consistent with the previous observations that corneal pathology is caused by the extracellular enzymes (3, 5) and that such enzymes trigger a long-lasting progression of inflammatory-repair events (1) . A greater understanding of the nature of the defense and repair is important to the design of future experiments on therapy and prophylaxis.
A prime objective of our tissue studies was to detect the presence and to understand the distribution and population dynamics of Pseudomonas after corneal infection. Methods were developed to enable visual detection of individual bacteria in tissues; however, we were unable to distinguish with certainty the bacteria from P. aeruginosalike bodies found in uninfected tissue. Plate counts of the anterior and posterior hemispheres. demonstrate that the infection is primarily of the anterior hemisphere; however, it is common for the posterior hemisphere to become involved. Experiments based on infection of the mouse cornea should enable extension of previous studies. and lead to the discovery of basic information pertinent to therapy of human corneal infections and the life-threatening infections of other tissues.
